The properties of giant magnetoresistance multilayers are a sensitive function of the vapor deposition process used for their synthesis. The highest magnetoresistance occurs when deposition results in interfaces that are flat and chemically separated. Molecular dynamics simulations have been used to explore the potential benefits of low energy xenon ion assistance during the physical vapor deposition of Ni/Cu/Ni multilayers grown in the ͓111͔ direction from thermalized metal fluxes characteristic of molecular beam epitaxy. The simulations indicated that the roughness of the interfaces was significantly reduced as the ion energy was increased from 0 to 5 eV. However, increasing the ion energy above 2 eV also resulted in significant copper-nickel intermixing at the nickel on copper interface. Interface flattening without intermixing could be achieved using a modulated low energy ion assistance strategy in which the first half of each new material layer was deposited without ion assistance, while the remainder of the layer was deposited with an optimum low ion energy assistance of 4 eV. Modulated low energy ion assistance during thermalized metal atom deposition was found to be a promising approach for creating metal multilayers with improved magnetoresistance.
I. INTRODUCTION
Layered materials that contain pairs of ferromagnetic thin films ͑e.g., permalloy or cobalt͒ separated by a thin conductor ͑such as copper͒ can exhibit large drops in their electrical resistance when an external magnetic field is applied. 1, 2 These giant magnetoresistive ͑GMR͒ materials are being developed for construction of the magnetic field sensors used in the read heads of computer disk drives, [3] [4] [5] [6] and for nonvolatile, magnetic random access memories. 5, 6 These recent technological applications of GMR materials have stimulated a search for synthesis routes that result in multilayer structures with large GMR ratios, small saturation magnetic fields and low in-plane resistances.
Many vapor deposition methods have been used to grow metal multilayers for GMR applications. [7] [8] [9] [10] [11] To achieve a high magnetoresistance, the thickness of both the magnetic and conducting layers must be small ͑typically around a few nanometers͒ and precisely controlled. [12] [13] [14] [15] [16] Both experimental 17 and recent theoretical 18 studies have also indicated that the magnetoresistance is a sensitive function of roughness and the degree of mixing at the metal interfaces. The best GMR properties result when the degree of interfacial ͑physical͒ roughness and the extent of interlayer ͑chemi-cal͒ mixing are both small. GMR multilayers have been synthesized using many physical vapor deposition processes at low deposition temperatures in order to minimize thermally activated interlayer diffusion. 19 They are normally conducted at a low deposition rate to provide sufficient time for the growth surface flattening 20 and to facilitate the control of the films thickness.
The roughness of multilayers deposited under low temperature conditions can also be controlled by increasing the incident metal atom energy during the deposition of each layer. 21, 22 A molecular dynamics approach has been used to determine the effects of incident atom energy, 21 and incident atom angle 23 upon the interfacial roughness and intermixing of model Ni/Cu/Ni multilayers. These studies indicated that high incident atom energies reduced the interfacial roughness, but promoted intermixing by an exchange mechanism. Increases in the incident angle resulted in an increase of both interfacial roughness and intermixing because of shadowing and a synergistic interaction between mixing and roughening. Substrate rotation reduced the significance of shadowing and predictably improved interfacial roughness under low incident energy, oblique incident angle conditions. The simulations also suggested directions for new deposition process development, including a modulated metal atom energy deposition strategy 21, 23 in which the first half of a new layer was deposited with a thermalized flux and the remainder with atoms of 5 eV kinetic energy. This approach promised a significant improvement in both interface smoothness and intermixing. While energy modulation is difficult to implement in molecular beam epitaxy ͑MBE͒ where the atoms arrive at the growth surface with thermal energies, diode and magnetron sputtering, and especially ion beam sputtering, do enable control of the incident atom energy over a wide range. 22, 24 This may in part explain why sputtering processes have produced better performance GMR multilayers than those grown to date by MBE. 25 However, other ''hyperthermal'' processes are active during sputtering. In particular, significant inert gas ion fluxes impact the substrate surface during growth. In ion beam processes, reflected neutrals and assisting ion beams also irradiate the growth surface. These fluxes can have very significant effects upon a GMR multilayer and if controlled, might provide new routes for controlling film morphology and structure. The role of these inert gas fluxes upon the interfaces of metal multilayers have not been analyzed in detail. A detailed understanding of their contribution to the atomic assembly of the films might provide new insights for improvements to the multilayer film growth processes.
Optimizing the design of sputtering, and ion beam deposition techniques for the growth of metal multilayers is complicated. It is necessary to address both the energy of the fluxes incident upon the substrate and their uniformity across a large diameter wafer. There have been a number of experimental and modeling efforts directed at the improvement of deposition uniformity. 26 Here we focus our study upon a representative small region on the growth surface. In rf diode or magnetron sputtering, complexity is introduced because the process conditions affecting the incident energy generally also affect the incident angle and the flux. 24 Ion beam assisted ion beam deposition ͑IBAD͒ or ion beam assisted MBE ͑IAMBE͒ enable the properties of the metal and ion fluxes to be independently controlled. Figure 1 shows an IBAD system. In Fig. 1 , a primary ion beam gun is used to generate a high energy ͑0.1-2 keV͒ Ar ϩ , Kr ϩ , or Xe ϩ ion beam. This ion beam is directed at a metal target to induce sputtering. The metal atoms sputtered by the primary ions are emitted from the target with average energies approximately proportional to the bombarding ion energy ͑especially when the ion energy is below 1 keV͒. 24, 27 Collisions with the background gas atoms as the sputtered atoms are transported from the target to the substrate can reduce the deposition energy. This energy loss becomes increasingly significant as the background pressure or the target-substrate distance are increased. However, because ion beam deposition avoids the use of a plasma, it can be operated at very low pressure. This minimizes energy losses due to background gas collisions, and enables the average energy of the deposition atoms to be modified ͑by the ion gun acceleration voltage͒ from about 0.1 eV to about 7 eV.
By optimization with respect to ion species, ion acceleration voltage, deposition rate, target, and substrate positions, GMR ratios of up to 51% have been achieved for Co/Cu/Co multilayers deposited using ion beam deposition without the use of the assisting ion beam. 28 In IAMBE, a thermalized metal flux from an effusion cell replaces that created by the primary ion beam of Fig. 1 .
The IBAD or IAMBE system shown in Fig. 1 uses a second independently controlled ion beam to modify atomic assembly. Typically, the assisting ion flux is comparable to that of the metal's, but the ion energies are usually much higher ͑above 50 eV͒. It is well established that the bombardment of a growth surface with these hyperthermal ions promotes surface atom diffusion, and surface asperity flattening, which are likely to significantly affect interfacial roughness. Its effects upon interfacial mixing during multilayer deposition are much less clear.
Here, molecular dynamics simulations are used to investigate the effects of inert gas ion impacts. The study focuses upon the relationship between interfacial roughness/ intermixing and the energy/flux of the assisting ions. Since an embedded atom method interatomic potential for the Cu-Ni system has been developed and well validated, 29 earlier work has been concentrated on the growth of the Ni/ Cu/Ni multilayers in a ͗111͘ direction. The deposition condition dependence of the Ni/Cu interface should be close to that of the Co/Cu interface because nickel and cobalt atoms have similar mass and ballistic properties. To generate a database that can be compared with previous work, 21, 23 the growth of a model Ni/Cu/Ni multilayer in the ͓111͔ direction has again been modeled and the effects of xenon ion assistance are evaluated and discussed.
II. COMPUTATION METHOD

A. Interatomic potentials
An embedded atom method ͑EAM͒ potential for binary Cu-Ni alloys 29 was employed to define the interatomic interactions between Cu-Cu atoms, Ni-Ni atoms, and Cu-Ni atoms. The EAM accounts for the local environment dependence of the potential 30 and allows a realistic description of the energy near defective crystal regions such as the growth surfaces and the interfaces. The free parameters in the EAM function have been determined by fitting to the measured properties of bulk crystals, including the equilibrium lattice constant, sublimation energy, bulk modulus, elastic constants, vacancy formation energy, and the heats of solution of dilute alloys.
A pairwise two-body universal potential 31 was used to calculate the forces between Xe ϩ ions, as well as between Xe ϩ ions and the Cu or Ni atoms. This potential was obtained by fitting to extensive experimental ion bombardment data for various materials systems, and can well represent the interaction between inert ions and the surface atoms during ion impact with a solid surface.
B. Simulation methodology
Details of the implementation of a molecular dynamics method for simulating multilayer deposition have been de- scribed previously. 21 Here, the approach has been generalized to allow interactions with species modeled by a universal pair potential. The substrate consisted of a nickel computational crystal containing 120 (224) planes in the x direction, three ͑111͒ planes in the y direction, and 12 (220) planes in the z direction ͑see Fig. 2͒ . To minimize the effects of the small crystal size, periodic boundary conditions were applied in the x and z directions. Ion assisted growth in the y direction was simulated by injecting metal atoms and assisting inert ions from random locations at the interaction cutoff distance above the top ͑y͒ surface. This allowed the injected particles to immediately interact with the surface and prevented vapor phase interactions. The evolution of atomistic structures were determined by solving for the trajectories of both lattice atoms and the injected particles using Newton's equations of motion and the interatomic potentials. To guarantee the accuracy of numerical solutions, time steps below 0.001 ps were used ͑0.0005 ps was used for the highest energy/flux simulations͒. Multilayer synthesis was carried out by alternatively depositing approximately 20 Å of copper followed by about 20 Å of nickel at a deposition rate of 10 nm/ns.
The incident particles' energy E i and their incident angle ͑the angle between the incoming direction and the line normal to the surface͒, were defined by assigning an initial velocity vector to each particle. The deposition rate, and the inert ion/metal ratio, were controlled by the frequency at which metal adatoms and inert ions were injected. To prevent crystal shift during hyperthermal impact with the top ͑y͒ growth surface, the atoms at the bottom ͑y͒ surface of the substrate were fixed at their equilibrium positions during the simulations. Deposition at a fixed substrate temperature of 300 K was simulated. This was achieved by applying a thermostat algorithm 32 to a crystal region several monolayers below the surface. Due to energetic impact and latent heat release, a thermal gradient between the temperature controlled region and the surface was created during growth. To minimize the change of this region, we allowed the thermostated region maintained at the substrate temperature to propagate upward during vapor deposition. Calculations were performed for various inert ion energies and ion/metal ratios using a fixed low incident metal energy of 0.1 eV, and a fixed normal angle ͑ϭ0°͒ for both the incident metal atoms and the inert ions.
III. INCIDENT ION ENERGY EFFECTS
The activation energies for migration of an adatom on the ͑111͒ surface of nickel and copper are small ͑Ͻ0.1 eV͒, 33 suggesting that low ͑1-5 eV͒ energy ion assistance should have significant effects on surface structure assembly. Test simulation runs indicated that low energy ion assistance was beneficial to the morphology and structure of metal multilayers but higher energy assistance was not. To systematically investigate the role of ion energy, Ni/Cu/Ni multilayer deposition simulations were performed using a systematically varied assisting ion energy with a fixed ion/metal flux ratio of 2. The combination of the high metal deposition rate and the energy transferred from the inert gas impacts caused a significant temperate rise at the growth surface. Results for the simulations with ion energies below ϳ3 eV are therefore reported to avoid the effects of film overheating during deposition. At the ion energy of 3 eV and the ion/metal flux ratio of 2, the effects of high flux are relatively insignificant as additional calculations at a deposition rate one order of magnitude lower showed similar multilayer structures.
A. Atomic configurations
Representative atomic configurations for selected ion energies spanning the 0-3 eV range are shown in Fig. 2 . Dark and light spheres are used to represent nickel and copper atoms, respectively. It can be seen that the roughness of the copper on nickel and the nickel on copper interfaces, as well as the degree of mixing of the two elements near these interfaces, were all sensitive to the assisting ion energy. When no ion assistance was used, Fig. 2͑a͒ , high interfacial roughness was produced. The roughness of the copper on nickel interface was higher than that of the nickel on copper interface.
FIG. 2.
Representative atomic structures of Ni/Cu/Ni multilayers as a function of assisting xenon ion energy at an ion/metal atom ratio of 2, a metal atom energy of 0.1 eV, a substrate temperature of 300 K, and a normal incident angle; ͑a͒ without xenon ion assistance; ͑b͒ ion energy of 0.5 eV; and ͑c͒ ion energy of 3.0 eV.
Extensive intermixing of copper in the nickel layer near the nickel on copper interface was also observed. As noted in earlier work, 21, 23 this mixing was much more significant than the mixing of nickel in the copper layer near the copper on nickel interface. When an ion energy of 0.5 eV was used, the interfacial roughness and the intermixing were both significantly reduced. The roughness of the copper on nickel interface continued to decrease as the ion energy was increased from 0.5 to 3 eV. However, as the ion energy increased, more intermixing was observed at the nickel on copper interface.
B. Interfacial roughness
The surface roughness measured by atomic force microscopy is usually the average deviation r 2 from the mean height of local asperities. Because the area resolution is much lower than the height resolution, the height measured with an atomic force microscope is averaged over many atoms. Problems arose when using the average deviation of individual surface atoms from the mean surface height to calculate r 2 for a given atomic configuration. For instance, different sections of a nonplanar surface are usually associated with different crystallographic planes of different atomic densities. Hence, the atom deviation from the mean surface height essentially measures different sections of the surface with different weighing factors. Because the mean height lies somewhere between the highest and lowest point on the surface profile, r 2 may also incorrectly specify a higher roughness for a surface containing one high terrace than for a ͑rougher͒ surface composed of many asperities ͑as long as their heights are within the height difference of the high and low terraces͒. The surface roughness of an atomic configuration can be better represented by a roughness parameter r 1 defined as the average aspect ratio of surface asperities
where h i and w i is the average height and average width of the ith asperity, respectively. Summation is conducted over the n asperities in the x direction. r 1 also includes amplitude and wavelength of roughness, which are both expected to influence the GMR ratio. For sinoidal asperities with an asperity wave length w, r 2 and r 1 are simply related by
To systematically evaluate the effects of ion energy, both r 1 and r 2 were calculated for each interface, and the results are shown in Fig. 3 . Figure 3 indicates that the roughness of both interfaces decreased significantly as the ion energy was increased from 0 to 2 eV. While this trend continued for the copper on nickel interface up to an ion energy of at least 3 eV, the nickel on copper interfacial roughness reached a minimum at an ion energy of about 2.5 eV and then appeared to slightly increase. Examination of Fig. 2͑c͒ indicates that this apparent increase in interfacial roughness was in reality a manifestation of the highly intermixed interface. The results indicate that for the entire ion energy range explored, the copper on nickel interfacial roughness was significantly higher than the nickel on copper interfacial roughness.
C. Interlayer mixing
Earlier studies have shown that interfacial mixing in multilayers deposited at high adatom energies, low temperatures, and high rates was the result of an adatom impact exchange mechanism. 21, 23 In this process, the momentum of the incoming atom is partitioned into the already assembled atoms near the impact site. A site is created for the incoming atom in the surface by the ejection of a surface atom. For impacts with energies of a few eV or less, the ejected atom does not fully escape and remains on the growth surface. Because copper has a lower cohesive energy than nickel, energetic impacts of nickel atoms with a copper surface are more likely to eject a copper atom onto the top of the surface than to eject a nickel atom when copper impacts with a nickel surface. This then leads to the nickel on copper interface that is more chemically intermixed than the copper on nickel interface. The degree of copper mixing can be quantified by a probability p of finding a copper atom surrounded by at least ten nickel atoms. 21 To explore the ion energy induced mixing, the parameter p has been calculated as a function of ion energy and the results are shown in Fig. 4 . It can be seen that the copper mixing initially decreased with ion energy, reached a minimum at about 1.5 eV, and then started to increase. The initial decrease of copper mixing with ion energy correlated with a flattening of the nickel on copper interface. This is consistent with prior observations of a lower probability of impact exchange on less defective surfaces where the average atomic binding is higher. 21 The observed increase of copper mixing for ion energy above 2 eV suggests that at higher energies, ion impacts are able to cause significant exchange even on flat ͑nondefective͒ surfaces.
IV. IONÕMETAL FLUX RATIO EFFECTS
The assisting ion flux is easily varied in ion assisted deposition systems. To explore its significance during multilayer deposition, Ni/Cu/Ni multilayer growth was simu- lated using 2 eV xenon ion assistance with ion/metal flux ratios varied from 0 to 3.
A. Atomic configurations
Representative atomic configurations for low ͑0.5͒ and high ͑3.0͒ ion/metal flux ratios are shown in Figs. 5͑a͒ and 5͑b͒, respectively. By comparing Figs. 2͑a͒ and 5͑a͒, it can be seen that the use of an ion/metal ratio of 0.5 significantly flattened the nickel on copper interface. However, its effect on the copper on nickel interface was less significant. The copper on nickel interface only became noticeably smoother when an ion/metal ratio of 3.0 was used ͓Fig. 5͑b͔͒. Figure 5 shows that the ion flattening of the nickel on copper interface always resulted in copper mixing in the nickel layer near the nickel on copper interface.
B. Interfacial roughness
To further investigate ion/metal flux ratio effects, roughness parameters were calculated for various ion/metal ratios, and are plotted in Fig. 6 . It shows that the roughness of the nickel on copper interface decreased rapidly as the ion/metal ratio was increased from 0 to 1.5. The roughness of the copper on nickel interface decreased more slowly with increase in the ion/metal ratio. The roughness of both interfaces ceased to decrease further as the ion/metal ratio was increased above 2.0. For the entire ion/metal range shown in Fig. 6 , the copper on nickel interface was seen to always remain rougher than the nickel on copper interface.
C. Interlayer mixing
The dependence of copper mixing upon the ion/metal flux ratio at a fixed ion energy of 2.0 eV is shown in Fig. 7 . It can be seen that as the ion/metal ratio was increased from 0 to about 1.5, the copper mixing decreased slightly. However, as the ion/metal ratio was further increased, the mixing began to gradually increase. A minimum copper mixing occurred at an ion/metal flux ratio of about 1.5, which was closely correlated with the minimum in the nickel on copper interfacial roughness, Fig. 6 . The results above indicate that the diffuse nickel on copper interfaces are likely to be developed if either the ion energy or the ion/metal ratio is high.
V. MECHANISMS OF ION IMPACT EFFECTS
An ion impact with a crystal surface results in momentum transfer to the atoms located near the impact site. The partitioning of the impacting ion kinetic energy among the crystal local modes of vibration is responsible for the structure modifications observed above. To explore the mechanisms responsible for the ion impact effects, single ion bombardments with representative growth surfaces were examined in detail. The computational crystals used for the study contained 120 (224) planes in the x direction, eight ͑111͒ planes in the y direction, and 66 (220) planes in the z direction. Their atomic configurations in the regions near the impact sites are shown in Fig. 8 , where the dark and light balls again represent nickel and copper atoms, respectively, while the larger balls indicate the impacting xenon ions. Copper and nickel single atoms and/or clusters were placed either at the center or near the ͗110͘ ledge of a ͕111͖ island on the surface. These atoms were impacted by xenon ions at normal incidence and the trajectories of atoms after the impact were determined by molecular dynamics. Figure 8͑a͒ shows three ion impacts with a copper surface. On the right of the island, a 4.0 eV xenon ion bombarded a cluster of three copper atoms near the edge of the island. At the center of the island, a 3.0 eV xenon ion impacted a single nickel atom. At the front of the island, a 0.1 eV xenon ion collided with a single nickel atom attached to the edge of the island. The 4.0 eV ion impact with the copper cluster resulted in sufficient energy transfer and local temperature rise to activate one of the three copper atoms on the island to jump to a lower surface ͑an Erhlich-Schwoebel jump͒. This occurred within 2 ps of impact which is many orders of magnitude faster than a typical thermally activated Erhlich-Schwoebel jump. 20 Ion impacts therefore promote step flow ͑Frank-van der Merwe͒ growth, which explains why flattening of the copper surface ͑and hence the flattening of the nickel on copper interface͒ occurred for low ion energies. Additional calculations indicated that the ion energy required to activate a copper atom Erhlich-Schwoebel jump increased with the size of the copper cluster to which the jumping atom was attached. As a consequence, increasing the flux ratio of assisting ions to depositing metal atoms increased the probability that clusters were impacted by ions while they were of a small size. This is the reason for the very rapid decrease in nickel on copper interfacial roughness as the flux ratio increased, Fig. 6 .
The analysis 3.0 eV ion impact with a nickel atom located at the center of an island resulted in an exchange between the nickel atom and a copper atom in the underlying surface. The probability of exchange increased with ion energy. However, similar atomic exchange could be induced at a much lower ion energy of 0.1 eV when the impact occurred near a ledge where the atoms were more weakly bound. These results indicate that as the ion energy increases, the impacts promote copper mixing into the nickel layer during the deposition of nickel on a copper surface. The probability that exchange occurs depends sensitively upon the surface perfection of the copper layer, and is therefore reduced by the use of growth conditions that promote flatter, more perfect growth surfaces. The weak dependence of mixing upon ion flux ͑Fig. 7͒ and the minimum in mixing ͑Fig. 4͒ result from the competing effects of the higher impact rate/energy and a more perfect growth surface.
Analogous impacts with a nickel surface were also examined, Fig. 8͑b͒ . It can be seen that an impact with a cluster of three nickel atoms near a ledge failed to cause the flattening even for an ion energy of 8.0 eV. Because nickel has higher activation energies for surface diffusion 33 and a higher cohesive energy than copper, ion impact induced atomic jumps require significantly higher ion energies. As a result, the nickel surface ͑and therefore the copper on nickel interface͒ tended to remain rougher than copper surfaces and flattening required higher energy ion impacts. Figure 8͑b͒ also shows that the atomic exchange between a copper adatom and a nickel atom in an underlying nickel surface has a low probability even for ion impacts with 12.0 eV energy at the center of a nickel island. The exchange probability was higher at the edge of islands, but even then 3.0 eV ion impacts with a copper adatom usually failed to cause an exchange. This is a consequence of the higher binding energy between nickel atoms. As a result, while small flattening accompanies low energy ion assisted deposition of nickel, it results in little mixing during subsequent deposition of copper on nickel.
VI. DISCUSSION
The interface morphology and microstructure of the ͓111͔ Ni/Cu/Ni multilayers grown by the condensation of thermal energy ͑ϳ0.1 eV͒ metal vapor were found to be sensitive to the incident energy and flux of an assisting ion beam. An increase in either the ion impact energy or the ion flux reduced the roughness of both the copper on nickel and the nickel on copper interfaces. This resulted from impact energy induced atomic shuffling near ion impact sites. However, because nickel atoms have a lower mobility ͑higher activation energy͒ than copper atoms, higher impact energies and/or ion/metal flux ratios were necessary to flatten the nickel growth surface ͑and the resultant copper on nickel interface͒. Energetic xenon impact with nickel atoms on a copper surface during deposition of nickel layers also resulted in significant copper mixing in the nickel layer. A detailed analysis indicated that this occurred because the binding between copper atoms is lower than that between nickel atoms and so the exchange probability of a surface nickel adatom with an underlying copper atom is higher than vice versa. To reduce copper mixing at the nickel on copper interface, a low ion energy ͑Ͻ1.5 eV͒ and a low ion/metal flux ratio ͑Ͻ1.5͒ were necessary. This mixing phenomenon greatly limited the potentially beneficial effects of ion beam assistance for layer smoothing during multilayer deposition. Approaches to overcome this might use lighter inert gas ions or ions with off-normal incidence angles. Both will reduce the exchange probability and may improve the perfection of multilayer films.
An alternative approach is to use a modulated ion energy strategy in which the first few monolayers of a new material are deposited with a low incident ion energy and the remainder of that material is deposited using a higher incident ion energy. A similar modulated metal energy deposition has been applied in previous studies and was found to reduce interfacial roughness without causing intermixing. 21, 23 To explore the effects of ion energy modulation, deposition was simulated using no ion assistance for the first half of each material layer and using ion assistance for the remainder of the layer. Figure 9 shows the representative multilayer configurations formed during modulated ion assisted deposition ͑at an ion metal flux ratio of 3͒ using a low ͑0.5 eV͒ and a high ͑5.0 eV͒ ion energy. The corresponding interfacial roughness and the intermixing were also calculated as a function of ion energy and are drawn in Figs. 10 and 11, respectively. Figures 9 and 10 indicate that an increase of the ion energy during deposition with modulated ion assistance reduced the roughness of both the copper on nickel and the nickel on copper interfaces. Figures 9 and 11 indicate that this improvement did not cause enhanced intermixing. In fact, Fig. 11 shows that the flattening of the nickel on copper interface as the ion energy was increased from 0 to 1.0 eV actually resulted in a significant reduction of copper mixing in the nickel layer due to the more perfect structure of the copper surface prior to the start of nickel deposition. To investigate the effect of the ion/metal flux ratio during modulated ion energy deposition, simulations were carried out with ion/metal flux ratios varying between 0 and 4.0 at a fixed ion energy of 3.0 eV. Atomic configurations, together with the dependence of interfacial roughness and intermixing upon the flux ratio, are shown in Figs. 12-14 . From Figs. 12 and 13, it can be seen that at an ion energy of 3.0 eV, the roughness of both the copper on nickel and the nickel on copper interfaces can be continuously reduced by increasing the ion/metal ratio. The smoother nickel on copper interface produced by increasing the ion/metal ratio from 0 to 1.0 during modulated ion assistance was seen to be accompanied by a significant reduction in the copper mixing, Fig. 14. These results indicate that this improvement of interfacial roughness can be achieved without causing copper mixing if a modulated ion assistance strategy is used. A low energy ion assisted deposition approach therefore appears to have significant promise for improving the structure of metal multilayers.
In rf diode and magnetron sputtering deposition systems, a significant flux of energetic inert ions can arrive at the substrate. 24 The energy of these ions is determined by the plasma power and the working pressure, and can range from a few tenths of an electron volt to over 100 eV. 24 However, the ion flux in these systems is usually smaller than metal atom flux. 24 The potentially beneficial effects of an ion assistance strategy may therefore be difficult to achieve. In addition, the modulated ion assistance strategy is more difficult to implement because a change of ion energy is achieved by a change in plasma power or working pressure which also strongly affects other deposition conditions such as the deposition rate, the metal atom flux and energy, and the substrates temperature. In an ion assisted MBE or ion beam deposition system, both the fluxes and the energies of the metal atoms and assisting ions are independent. This facilitates a simpler implementation of the modulated ion assistance scheme and optimization of the assisting ion flux and energy to achieve high quality multilayer structures. However, ion guns that operate with ion energies below 10 eV are currently not commercially available. New types of ion guns or perhaps inert gas atom hypersonic beam technology therefore need to be developed.
VII. CONCLUSIONS
Molecular dynamics simulations of the growth of model Ni/Cu/Ni multilayers from thermalized metal atom fluxes with simultaneous low energy xenon ion irradiation have been used to explore the potential benefits of ion assisted deposition strategies for the synthesis of metal multilayers. The simulations have indicated that: ͑1͒ Low energy ͑1-2 eV͒ normal incidence xenon impacts readily induce the relocation of copper surface atoms. Higher energies were required to induce the relocation of nickel surface atoms.
͑2͒ As the xenon impact energy increased above 2 eV, significant exchange of nickel surface adatoms with atoms in an underlying copper layer was observed. The exchange probability increased for impacts near ledges at the edges of growth terraces. Exchange of copper surface atoms with underlying nickel layer required significantly higher impact energies ͑even at ledge sites͒.
͑3͒ Increasing the energy of xenon impacts reduced interfacial roughness by promoting surface diffusion aided lateral growth of terraces. However, when the impact energy reached 2-3 eV, significant intermixing at the nickel on copper interface was observed due to an impact energy induced atomic exchange. Low energy ͑1-2 eV͒ normal incidence xenon ion assistance resulted in the best compromise between flattening and intermixing.
͑4͒ A modulated xenon impact energy assistance strategy was found to result in the best combination of film flatness and intermixing. The use of no assistance for the first few monolayers of deposition followed by 5 eV normal incidence assistance for the remainder of each layer deposition resulted in high quality films that appear well suited for GMR applications.
